Melatonin and its derivatives (N 1 -acetyl-N 2 -formyl-5-methoxykynurenine [AFMK] and N-acetyl serotonin [NAS]) have broad-spectrum protective effects against photocarcinogenesis, including both direct and indirect antioxidative actions, regulation of apoptosis and DNA damage repair; these data were primarily derived from in vitro models. This study evaluates possible beneficial effects of melatonin and its active 
| INTRODUCTION
Highly energetic ultraviolet B (UVB) radiation (280-320 nm) penetrates skin to the depth of the papillary dermis and inflicts significant epidermal damage including direct DNA destruction (as cyclobutane pyrimidine dimers [CPD] , pyrimidine pyrimidone photoproducts , doublestrand breaks [DSB] and others). Moreover, it generates an oxidative environment, thus leading to mutagenic and carcinogenic effects (reviewed in 1,2). Skin, as the outermost layer of the body that is exposed to noxious environmental insults including ultraviolet radiation, has developed precise mechanisms that protect or restore local (cutaneous) or impact whole body homeostasis (reviewed in 3, 4) . UVB radiation, while inducing DNA damage, activates p53 tumor suppressor which synchronizes cellular responses and triggers cell-cycle arrest, necessary for DNA repair or apoptosis. This enables the organized elimination of potentially cancerogenic cells. [5] [6] [7] [8] In addition, in response to UVB-induced damage, the histone 2AX (H2AX) is phosphorylated (designated as γH2AX) by kinases and rapidly accumulated in the nucleus. γH2AX is considered a highly sensitive biomarker of cellular response to double-strand breaks and DNA damage. 9 Cells also retain several protective mechanisms against oxidative stress, including free radical scavengers and antioxidative enzymes. 2, 5 One of them, the transcription nuclear E2-related factor 2 (Nrf2), plays a major, control role and, when activated, translocates to the nucleus where it heterodimerizes and binds to the antioxidant/electrophile response elements of phase-2 detoxification enzyme genes, including NADPH: glutathione S-transferase (GST), quinone oxidoreductase (NQO1), and heme oxygenase 1 (HO-1). 10 Melatonin (N-acetyl-5-methoxytrypamine) is highly evolutionary conserved molecule with multifunctional activities, including regulation of circadian rhythms and cellular responses necessary for cell survival and restoration of homeostasis (reviewed in [11] [12] [13] [14] [15] [16] . Melatonin is produced by the pineal gland under the control of the suprachiasmatic nucleus as well as in other peripheral organs. [11] [12] [13] [14] Similarly, melatonin is also produced and metabolized by skin. [17] [18] [19] There are three major metabolic pathways of melatonin in the skin: classical, indolic, and kynuric, 17 of which the products 6-hydroxymelatonin, 5-methoxytryptamine (5MTT), N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), and N1-acetyl-5-methoxykynuramine (AMK), accumulate in the human epidermis, with 6-hydroxymelatonin being the most abundant metabolite. 17, [20] [21] [22] [23] These metabolites are biologically active and may play roles in photoprotection, as defined by experiments with cultured keratinocytes and melanocytes. 21, [24] [25] [26] [27] [28] [29] [30] [31] Melatonin protects against oxidative stress in both direct and indirect manners, acting as an electron donor and interacting with reactive oxygen species, or activating an antioxidative enzymes and regulating their gene expression. 11, [31] [32] [33] [34] [35] Melatonin protects skin cells against harmful effects of UV radiation, including oxidative DNA damage, depletion of mitochondrial membrane potential, and apoptosis. [24] [25] [26] 28, 30, 36 To further define the photoprotective properties of melatonin and its metabolites, herein, we tested their effects using human and porcine skin ex vivo. Metabolites, that is, AFMK and N-acetylserotonin (NAS) were selected based on our previous data showing their beneficial activity, similar to that of melatonin. 25, 26 Porcine skin is an excellent model for biomedical research because of its anatomical, histological, 37 immunological, 38 immunohistochemical, 39 and genomic 40 similarities to human skin. We have also previously shown that human and porcine skin susceptibility to UV radiation is comparable. 41, 42 This study was designed to evaluate the possible beneficial effects of topical application of melatonin and its active derivatives against the UVB-induced damage as the crucial step before clinical testing their efficacy in human subjects. to vivo translation and thus justifies the pursue for further clinical utility of melatonin in maintaining skin homeostasis.
| MATERIALS AND METHODS
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| Pretreatment experiment
| Irradiation protocol
Skin was irradiated with 400 mJ/cm 2 of UVB light (290-320 nm) filtered with Kodacell filter (cuts off any wavelengths shorter than 290 nm) using lamp (USHIO G15T8E, USHIO America, Inc., USA), as described previously. 43, 44 The dose of UVB irradiation was chosen based on a preliminary studies (the most effective and not harmful) and time was calculated based on the formula: Time (s) = Dose/Intensity (J × cm Table 1A ,B and were designed using the Universal Probe Library (Roche, https://lifescience.roche.com/en_us/articles/UniversalProbeLibrary-System-Assay-Design.html) and synthesized by Integrated DNA Technologies (Coralville, IA). The PCR reaction was performed in triplicate with SYBR Green I Master Mix (Roche, Manheim, Germany). The data were collected on a Light Cycler 480 (Roche). The amount of amplified product for each gene was compared with housekeeping genes, that is, β-actin, cyclophilin B, or GAPDH utilizing a comparative ΔΔCT method and presented as the fold change ± SD.
T A B L E 2 List of primary antibodies used for IHC (A) and WB (B)
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| Immunohistochemistry
Paraformaldehyde fixed skin was paraffin-embedded and cut in 10-μm-thick sections and mounted on silanized slides (Dako, Carpinteria, CA). Following deparafinization and rehydration, sections were rinsed in PBS, and antigen retrieval was performed by boiling in citrate buffer (pH = 6.0) for 20 minutes. After rinsing in PBS, the nonspecific blocking and permeabilization (5% donkey serum, 0.1% BSA, 0.2% Triton X-100 in PBS) were performed for 1 hour at room temperature (RT). Next, the primary antibody (listed in Table 2A ) diluted in blocking solution was applied overnight at 4°C. After thorough rinsing in PBS, the species-specific secondary antibody-HRP conjugated were applied for 1 hour at RT. The 3,3′Diaminobenzidine (DAB) was used for chromogenic reaction which was stopped with water, slides were dried, preserved with mounting medium, and covered with a cover glass. The positive signals inside the epidermis layer were calculated using ImageJ software (National Institutes of Health) and statistically compared between conditions to the appropriate controls and presented as number of positive cells per 100 consecutive epidermal cells. Six areas per section, separated by at least 100 μm, were investigated. The negative controls consisted of tissues incubated without primary antibody (omission) or with nonimmune rabbit or mouse serum (replacement).
| TUNEL assay
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) assay, using
TdT-catalyzed polymerization of nucleotides to free 3′-OH DNA ends in a template-independent manner, was used to label DNA strand breaks and identify apoptotic cells. The TUNEL assay was performed using the DeadEnd Fluorometric TUNEL system according to the manufacturer's protocol (Promega, Madison, WI). Briefly, sections were deparaffinized, rehydrated, and permeabilized with proteinase K. After labeling, DNA strand breaks by recombinant TdT (rTdT) enzyme with fluorescent nucleotides (fluorescein-12-dUTPs) sections were mounted with medium containing DAPI. In the negative controls, rTdT enzyme was omitted.
| In vitro experiments
| Cell culture
Immortalized human epidermal keratinocytes (HaCaT) were cultured in Dulbecco's minimal essential media (DMEM) supplemented with 5% charcoal stripped fetal bovine serum (Serum Source International, Inc. Charlotte, NC) and 1% Antibiotic-Antimycotic Solution (Mediatech, Inc. Manassas, VA).
| UVB irradiation
Ultraviolet B irradiation was performed using a Biorad UV transluminator 2000 (Bio-RAD Laboratories, Hercules, CA, USA) as previously described. 36, 46, 47 Cells were covered with a thin layer of phosphate-buffered saline (PBS). The culture dishes were exposed to achieve a single dose of 400 mJ/cm 2 .
| Western blot analysis
HaCaT cells were plated at a density of 5 × . Immediately after treatment, the cells were harvested. Nuclear and cytoplasmic fractions of total proteins were isolated separately using a Nuclear
The representative images of the indicators of oxidative stress (8OHdG), DNA damage (γH2AX), apoptosis (TUNEL), DNA repair, and antioxidative mechanisms (p53 ser115 and Nrf2) after a single dose of 400 mJ/cm 2 of ultraviolet B applied to porcine skin ex vivo.
Skin was topically treated with melatonin, N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), or N-acetyl serotonin (NAS) 4 h prior to (A) or immediately after irradiation (B)
| Extract Kit according to the manufacturer's instructions (Active Motif, Carlsbad, CA, USA). Western blot analyses were performed to detect phosphorylated p53, Nrf2, catalase (CAT), CuSOD (superoxide dismutase), and MnSOD protein expression as previously described. 48 The proteins were resolved on the 8%-16% (w/v) SDS-PAGE gel and transferred to the PVDF membrane. The membranes were blocked in 5% (w/v) skim milk in Trisbuffered saline containing 0.1% Tween 20 for 1 hour and incubated at 4°C overnight with the primary antibody (listed in Table 2B ) diluted in 5% skim milk. The membranes were washed with PBS and incubated for 1 hour at RT with the HRP-conjugated secondary antibodies (goat anti-mouse IgG, donkey anti-rabbit IgG and donkey antirabbit IgG from Santa Cruz Biotechnology; cat no: sc-2005, sc-2077, and sc-2020; respectively) at the titration 1:5000 in Tris-buffered saline containing 0.1% Tween 20. For chemiluminescent detection, the membranes were incubated with SuperSignal WestPico Substrate (Thermo Scientific) for 5 minutes and the membranes were subsequently exposed to an autoradiography film (MidSci, St. Louis, MO, USA) and developed with film processor (SRX-101A; Konica, Taiwan) as previously described. 49 The protein expressions were normalized to the expression of loading controls: anti-β-actin-peroxidase (A3854, Sigma) (1:10 000) for cytosolic fraction or rabbit-antiLamin A (sc-20680, Santa Cruz Biotechnology) (1:1000) for nuclear fraction.
| Statistics
Data are presented as means ± SD where the level of differences between two groups was assessed with t test with the significance level set up at P < .05, P < .01, P < .001, P < .0001, and presented as *, **, ***, ****, respectively. Statistical analysis was performed using GraphPad Prism, version 4.00 (GraphPad Software, Inc. CA, USA). Figure 1 shows that a single dose of UBV (400 mJ/cm 2 )
| RESULTS
| Skin morphology
has morphologically no detectable effect on the viability of either human or porcine skin during the experimental observation.
| Effects of melatonin, AFMK, and NAS
on UVB-induced oxidative stress and DNA damage in human and porcine skin
The representative images of 8-OHdG formation, expression of γH2AX, p53 ser15 and Nrf2, and apoptotic cells, as assessed by TUNEL method are depicted on Figure 2A ,B in human and Figure 3A ,B in porcine skin treated with melatonin, AFMK, or NAS prior to (Figures 2A,3A) or after ( Figures 2B,3B ) UVB exposure and sham-irradiated controls. Ultraviolet B exposure markedly stimulated the formation of 8-OHdG in human and porcine epidermal cells in comparison with a control (sham-irradiated skin) in which the formation of this oxidative stress biomarker was very low (Figures 4,5 ). Both pretreatment ( Figures 4A,5A ) and post-treatment ( Figures 4B,5B ) with melatonin or AFMK to human and porcine skin, respectively, led to a significant decrease in the 8-OHdG formation exposed beforehand to UVB, with the strongest photoprotective effects observed for melatonin. Treatment of human or porcine skin with NAS before or after UVB exposure showed no significant differences in 8-OHdG expression and the quantified levels of 8-OHdG-positive cells were similar to the control (vehicle)-treated tissues (Figures 4,5) .
Ultraviolet B radiation resulted also in significant increases of γH2AX expression in human and porcine epidermis when compared to a very low expression in sham-irradiated samples (Figures 4,5) . The topical preapplication or postapplication of melatonin, AFMK, or NAS did not affect the expression of γH2AX compared to ethanol (vehicle) application alone ( Figure 4A ,B) in human skin. On the contrary, when active compounds were applied on porcine skin the reduction in the number of γH2AX-positive cells was observed especially for melatonin and AFMK and in a lesser extend found only for pretreatment with NAS ( Figure 5A,B) .
Similar to 8-OHdG and γH2AX, the exposure of human and porcine skin to UVB radiation significantly increased the number of apoptotic cells as compared to sham-irradiated control skin samples, as assessed by the TUNEL method (Figures 4,5) . In addition, both the pretreatment and posttreatment with melatonin, AFMK, or NAS significantly protected the epidermal cells of human and porcine skin from apoptosis ( Figures 4A,B,5A,B) . The strongest protective effects were observed with melatonin or AFMK followed by NAS. In parallel, these changes were accompanied by gene
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The quantitative analysis of the modulatory effects of topical treatment with melatonin, N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), or N-acetyl serotonin (NAS) on 8OHdG, γH2AX, TUNEL, p53 ser115 , and Nrf2 expression in human skin. The compounds were topically applied 4 h prior to (A) or immediately after (B) ultraviolet B exposure. Data are presented as the percentage of positively-stained cells per 100 consecutive epidermal cells ± SD; the statistical significance of the differences was evaluated by Student's t test; where *P < .05, **P < .01, ***P < .0001, and NS, lack of significance | expression of human skin where the downregulation of antiapoptotic Bcl2 gene in melatonin compared to the control (vehicle)-treated tissues was observed (Table 3) .
Interestingly, UVB irradiation did not stimulate the expression of p53 ser15 in control samples (Figures 4,5) . But UVB exposure combined with pretreatment and post-treatment with melatonin or AFMK but not with NAS significantly increased p53 ser15 expression in human skin ( Figure 4A,B) .
Whereas, in porcine skin, also the treatment with NAS, in addition to melatonin and AFMK, led to a statistical increase in p53 ser15 expression ( Figure 5A ,B).
Not surprisingly, UVB irradiation significantly stimulated Nrf2 expression in human ( Figure 4 ) and porcine skin ( Figure 5 ) in comparison with sham-irradiated controls in which this antigen expression was very low. Only the pretreatment with AFMK for human and AFMK or melatonin for porcine skin resulted in slight decrease in Nrf2-positive cells when compared to control UVB-treated samples ( Figures 4A,B,5A,B) . However, the treatment of porcine skin with NAS before UVB irradiation resulted in significant rise of Nrf2 expression ( Figure 5A ).
Gene expression analysis revealed that UVB irradiation significantly simulated the expression of antioxidant defense system in human skin (Table 3) . AFMK and NAS applied before or after UVB exposure on human skin samples resulted in upregulation of Nrf2 expression. Melatonin led to a significant upregulation of Nrf2 only when applied after irradiation. UVB exposure significantly stimulated also the expression of glutamylcysteine synthetase (GCS), glutathione S-tranferase (GSTP1), glutathione peroxidase (GPX1), and MnSOD in human skin treated with melatonin, AFMK, or NAS before or after irradiation (Table 3) . In porcine skin, UVB exposure resulted in upregulation of MnSOD expression, as assessed with qRT-PCR, especially when melatonin, AFMK, or NAS were applied on skin before or after irradiation (data not shown).
| Attenuating effects of melatonin, AFMK, and NAS on UVB damage in HaCaT keratinocytes
Application of melatonin, AFMK, or NAS prior to or after UVB irradiation on HaCaT cells affected the expression of proteins involved in DNA repair and antioxidative responses ( Figure 6 ). Melatonin, AFMK, or NAS applied after UVB irradiation and melatonin and AFMK applied before UVB exposure resulted in significantly increased phosphorylated p53 (p-p53) expression as compared to the cells treated with vehicle ( Figure 6A ). The expression of Nrf2 was elevated after UVB irradiation when HaCaT cells were treated with melatonin, AFMK, or NAS both before and after irradiation and quantitative analysis showed significant rises in the nuclear-to-cytosolic ratio in treated cells in comparison with the control cells ( Figure 6B) . Similarly, both cytoplasmic and nuclear expression of antioxidative enzymes were affected after UVB exposure when cells were treated with melatonin, AFMK, or NAS. CAT expression was increased (both cytoplasmic and nuclear fraction) when melatonin, AFMK, or NAS were applied prior to UVB irradiation. When cells were treated with melatonin, AFMK, or NAS after UVB the expression of CAT was also increased, except the cytoplasmic fraction for NAS ( Figure 6C) . Similarly, the expression of CuSOD was stimulated when melatonin, AFMK, or NAS were applied before UVB irradiation, except for the nuclear fraction for melatonin and cytoplasmic fraction for AFMK. Application of melatonin and AFMK after UVB exposure resulted in rises in CuSOD, while NAS showed no effect on CuSOD expression when compared to the control ( Figure 6D ). MnSOD expression was significantly elevated when melatonin, AFMK, or NAS were applied before exposure to UVB, while application of each compound after UVB irradiation resulted in increases in cytoplasmic MnSOD and nuclear MnSOD only for melatonin and NAS treatment ( Figure 6E ).
| DISCUSSION
The present ex vivo studies provide evidence that melatonin and its active derivatives including AFMK and NAS applied both prior to and after UVB irradiation protect epidermal keratinocytes from DNA damage, apoptosis, and oxidative stress by enhancing the expression of repair, anti-apoptotic proteins, and antioxidant enzymes (p53, Nrf2, GCS, GSTP1, GPX1, CAT, CuSOD, and MnSOD). The strongest photoprotective effects were observed for melatonin and AFMK, while NAS exhibited weaker efficacy limited to only few analyzed genes and markers of cellular damage. This protection was strongly pronounced when skin was treated with melatonin or its metabolites prior UVB exposure. It should be noted that
, and Nrf2 expression in porcine skin. The compounds were topically applied 4 h prior to (A) and immediately after (B) ultraviolet B radiation. Data are presented as the percentage of positively-stained cells per 100 consecutive epidermal cells ± SD; the statistical significance of the differences was evaluated by Student's t test; where *P < .05, **P < .01, ***P < .0001, and NS, lack of statistical significance | SKOBOWIAT eT Al.
only slight-to-moderate effects of melatonin or its derivatives on Nrf2 and γH2AX expressions were observed in ex vivo experiment. Previously, it was demonstrated that melatonin and/or its metabolites protect skin cells, including keratinocytes, 36 melanocytes, 26 fibroblasts, 50, 51 and leukocytes 29, 30 from UV-induced DNA damage.
Melatonin in cultured cells exposed to UV radiation also protected against the mitochondrial membrane potential reduction and membrane lipid peroxidation. 51, 52 In addition, photoprotective properties of melatonin are related to the suppression of the activation of mitochondrial pathway-related initiator caspase 9 and downregulation of effector caspases as caspase 3 and caspase 7, resulting in reduction or prevention of apoptosis of keratinocytes. 36, 52 In present study, we found both a significantly reduced number of apoptotic epidermal cells, as assessed by TUNEL method, and a lower expression of antiapoptotic Bcl-2 gene in skin samples treated with melatonin, AFMK, and NAS, confirming the protective properties of melatonin and its active derivatives against apoptosis in ex vivo skin models. Melatonin and its metabolites exhibit a broad spectrum of photoprotective properties, including direct and indirect antioxidative actions, represent optimal protectors against UV-induced oxidative damages. 11, 12 Moreover, melatonin and AMK act as free radical scavengers. 53, 54 In a cell culture-based study, melatonin and its derivatives reduced the UVB-induced reactive oxygen species generation in keratinocytes and melanocytes 25, 26 and in an ex vivo human skin model, melatonin applied on skin before irradiation protected against 8-OHdG formation by ultraviolet irradiation. 28 Similarly, in present study, in ex vivo human and porcine skin treated with melatonin or AFMK, but not NAS, the number of epidermal cells exhibiting oxidative DNA damage, that is, 8OHdG-positive cells, was significantly reduced. In addition, this photoprotective action of melatonin and AFMK was apparent in samples treated both before and after UVB irradiation. Melatonin also prevents the depletion or increases the expression of antioxidative enzymes.
28,55
Fischer et al 28 found that pre-incubation of skin samples with melatonin prevented the depletion of CAT, GPx, Cu/ZnSOD, MnSOD gene expression after UVB irradiation. In our ex vivo models, we found that treatment of skin samples with melatonin and its metabolites not only prior to UVB irradiation, but also after exposure to UVB, resulted in upregulation of the expression of antioxidative enzymes, including GCS, CAT, GSTP1, MnSOD, and GPX1; in the cell-based experiments, we found increased expression of CuSOD, MnSOD, and CAT. The current studies using ex vivo models are thus in agreement with other reports showing the antioxidative properties of melatonin and its metabolites and indicate that the protective effects are observed also when those compounds are applied after UVB exposure. Exposure of keratinocytes to UV rays induced phosphorylation of H2AX and, under certain conditions, this process is a dose-dependent. 9 Similarly, our study shows that treatment of porcine skin with melatonin or AFMK, especially prior to UVB exposure, protected cells from UV-induced genotoxic effects, as assessed by the number of γH2AX-positive epidermal cells; there were also slight protection effects, limited to NAS, when applied after UVB irradiation. These results document the protective effects of melatonin and AFMK against DNA damage, and show that these molecules are most protective when applied before UVB irradiation. t test: *P < .05, **P < .01, ***P < .001, ****P < .0001. The expression is presented as a fold change in relation to the expression in control (ethanol-treated samples).
Melatonin induces the translocation of Nrf2 from the cytosol into the nucleus after UV irradiation of keratinocytes, resulting in phase-2 antioxidative enzymes gene expression enhancement; this includes γ-glutamylcysteine synthetase, HO-1, NQO1, thereby providing protection of irradiated cells. 56 Also in melanocytes, melatonin and its derivatives increased the expression of Nrf2 and showed the protection of the cells from UVB-induced DNA damage and oxidative stress; these actions occurred in membrane bound melatonin receptor-independent manner. 26 In the present study in HaCaT cells, we also observed the nuclear translocation and significant increase of Nrf2 expression after UVB exposure in samples treated with melatonin, AFMK, or NAS. In ex vivo experiments, the application of melatonin, AFMK, or NAS on human or porcine skin had a minimal or no effect on the number of Nrf2-positive keratinocytes. This could be secondary to already strong induction of Nrf2 in the epidermis and spatial interactions among keratinocytes at different level of differentiation. However, stimulatory effects of test compounds on NFE2L2 (gene coding Nrf2 protein) were observed (Table 3) . Thus, while cell culture studies indicate that Nrf2 is downstream to melatonin's protective action, 26, 56 additional mechanism-oriented in vivo studies are required to better understand these processes in the epidermal compartment of the skin. Different stressors, including UV radiation, induce DNA damage and p53 modulation initiate cell-cycle arrest and apoptosis. 5, 6 Activation of p53 requires its phosphorylation with translocation to the nucleus. Also, melatonin increases p53 expression 8 and phosphorylation at Ser-15, and prevents DNA damage accumulation. 57 Phosphorylationrelated activation of p53 is mediated by melatonin receptors MT1 and MT2. 58 In current study, we found an elevated number of p53 ser15 -positive cells when ex vivo skin samples were treated with melatonin or AFMK, suggesting DNA repair and/or cell-cycle arrest in the epidermis. In HaCaT keratinocytes, p53 expression was also elevated after treatment with melatonin and its active derivatives, which further substantiated the in situ data obtained from histocultured skin. Studies on healthy volunteers revealed that melatonin applied topically on the skin before UV irradiation protected against erythema induced by UV, with no protective affects when applied after UV irradiation. 59, 60 Also, Dreher et al 61 in their human study observed photoprotective properties of melatonin against erythema when applied before UV irradiation. Melatonin also enhanced the protective features of ascorbic acid and α-tocopherol. 61 Finally, melatonin at high doses protected against erythema induced by exposure to sun radiation with UV index 9 62 ; these doses of melatonin had no undesirable effects. 63 In our study, in addition to melatonin, also AFMK and NAS showed protective properties against evaluate the phosphorylation rate of p53, nuclear translocation of Nrf2, catalase, CuSOD, and MnSOD protein expression. Phosphorylated p53 was detected at 53 kDa, Nrf2 at 61 kDa, catalase at 64 kDa, CuSOD at 23 kDa, MnSOD at 24 kDa, lamin A (a loading control for nuclear protein) at 69 kDa, and β-actin (a loading control for cytosol protein) at 42 kDa. Data were expressed as means ± SD. The statistical significance of differences was evaluated by Student's t test. *P < .05; **P < .01 vs EtOH (vehicle control) UV-induced noxious effects not only when they were applied topically prior to UVB exposure, but also after UVB irradiation. In contrast to studies of Bangha et al 59, 60 and
Dreher et al 61 who assessed UV-induced erythema, our evaluation was based on the UVB-induced changes at the epidermal/cellular levels. Therefore, we believe that the beneficial effects of melatonin application after UV exposure are real, but again would require future clinical trials. 64 In summary, melatonin or its active metabolites, including AFMK and NAS, applied before or after UVB irradiation, inhibit DNA damage, apoptosis, and oxidative stress in human and porcine skin ex vivo. Thus, exogenous, topically applied melatonin and its derivatives represent potential protective agents for preventing oxidative stress and DNA damage. Furthermore, topically applied melatonin and its derivatives can also trigger DNA repair and/or cell cycle arrest and prevent UVB-induced skin cancerogenesis. Melatonin and its derivatives show the strongest protective properties against UV-induced genotoxic effects when applied to the skin before UV exposure. This protection results in genomic, cellular changes and in the maintenance of tissue integrity, which aid in preventing UVB-induced carcinogenesis. Finally, our ex vivo data are fundamental for further testing of clinical utility of melatonin and metabolites as protectors again UVBinduced pathology including its capability to attenuate the already induced pathological process.
